We demonstrate controllable and efficient storage of a single-photon in an atomic ensemble confined within hollow-core fiber using the robust far off-resonant Raman scattering. As a result, a deterministic generation of Stokes photon is predicted that can be used for implementation of quantum repeaters.
INTRODUCTION
Efficient storage of quantum information encoded in a photon plays a crucial role in realization of quantum networks. Quantum communication over large distances requires quantum repeaters [1] , where single photons are reversibly stored, processed and then redistributed in a lossless manner. Recently, a number of experiments towards realization of this program has been accomplished based on the effect of electromagnetically induced transparency (EIT) in room temperature alkali vapors [2, 3, 4] . However, the major difficulties of the EIT-schemes are unavoidable losses of a quantum light during its storage and retrieval, so that a significant improvement of the storage efficiency still remains a serious experimental task [5] .
In this paper, we propose new mechanism for controllable and efficient storage of a single-photon in cold atomic ensemble using the robust far off-resonant Raman scattering. This is made possible by introducing two important modifications over existing schemes. We use, first, a single-photon excitation of the atoms and, secondly, the atomic ensemble is confined within hollow core photonic crystal fiber (Fig.1a) . We demonstrate that this system is able to generate a fiber-mode Stokes photon with near-unit probability. This significant enhancement of atom-light interaction is achieved by increasing the electric-field amplitude of single photons due to tight confinement of light in the fiber. Besides, the coherent coupling of different atoms to the forward scattered Stokes photon creates a collective atomic spin wave, which is in a strong correlation with the fiber mode. Meanwhile, the other 
 2 87 Rb modes are weakly correlated with the collective atomic state and contribute to noise resulting in the collectively enhanced signal-to noise ratio.
In our scheme a large ensemble of N cold atoms with Λ-type level structure trapped inside the hollow core of a photonic-crystal fiber (Fig.1b) As is evident from Eq.(1), in the limit of p = 1, our scheme ensures deterministic storage of the input photon in the atomic ensemble resulting in the creation of a collective spin-wave and simultaneous generation of the pure state of a single Stokes-photon without mixture from both the multiphoton and zero-photon states.
This paper is organized as follows. In the next section we show the ability of the presented scheme to produce Stokes photons with probability p  1. Here we find the analytic solutions for the flux and number of output Stokes photons and prove the generation of the output state (1). Then, in Sec.III we calculate the number of spin-wave excitations and show that there is an unambiguous correspondence between the numbers of detected Stokes photons and spin excitations stored in collective atomic mode. Our conclusions are summarized in Sec.IV.
II. DETERMINISTIC GENERATION OF STOKES PHOTONS
In what follows, we consider a low-finesse cavity model for interaction of the atoms with input and Stokes photons. We start from the effective Hamiltonian of the system in the rotating frame (2) which is obtained by adiabatically eliminating the upper state 3 owing to the large one-photon detuning 31 1 32 2 at are given by [6] 
are the input fields operators with the properties
,2,  and k are the photon number damping rates for  1 -and Stokes-fields, which are calculated in the free-space limit as the inverse of the propagation time of the  1 -and Stokes pulses through the atomic sample as , k=c/L with L the sample length. In Eq. (4) we have included also the losses N for the input field, which originate from the emission of fluorescent photons outside the fiber, where 2 13 ( / ) g     [7] ,  3 is the spontaneous decay rate of the upper level 3. However, these losses are usually very small as compared to : N<<, and will be neglected below.
For an input  1 -pulse with duration T>> (, k) 1 , the solution of Eqs. (4, 5) at large times takes the form We introduce the output photon number operators , , , Thus, we arrive at a quite reasonable requirement that for deterministic Stokes-photon generation the collectively enhanced Raman process should be as fast as the passage of 1  -pulse through the atomic sample. In this case the Stokes photon waveform (11) It is useful to consider the numerical estimations at this point. As a sample the 87 Rb vapor is chosen with the ground states 5S 1/2 (F=1), 5S 1/2 (F=2) and excited state 5P 3/2 (F=2) being the atomic states 1, 2 and 3 in Fig.1b , respectively. For the light wavelength ~0.8m,  3 =2 6 MHz, g 1 g 2 =10 3 , 50 3 , k=3 3 , and hollow-core fiber length L 3cm, we find that Eq. (16) is fulfilled with N410 3 . At the same time the number of fluorescent photons is negligibly small: N 1. All these parameters appear to be within experimental reach, including the initial narrow-band single-photon pulses with a duration of several microseconds [8] [9] [10] [11] [12] and confined about 310 4 cold Rb atoms into a hollow-core photonic-crystal fiber [13] .
In the Schrödinger picture, we obtain the output state out  of the system as the eigenstate of total photonnumber operator
where the output modes are described by the known wave functions
To construct this state we employ the technique used in our previous work [14] . We introduce the creation operators of single-photons at frequencies ω i associated with mode-functions 
III. THE NUMBER OF STORED PHOTONS
To find the number of stored photons we first calculate the number Here the Liouville operators 
from which it is follows that the collective atomic mode is generated at the rate NG 2 /k as a result of coherent interaction with the ω 1 -photon, whereas the spin coherence and, hence Nspin, decays at the spontaneous decay rate  of individual atom, so that the signal-to-noise ratio is NG 2 /(k), which is greatly enhanced due to the large factor of the atom number N. Thus, the relaxation term in Eq.(18) can be neglected. Just under this condition the incident photon is completely stored in the atoms in the form of a spin-wave excitation, which can be further retrieved into another optical mode without losses. In this case the number of stored photons is obviously equal to N spin . Then using the solution (6,7) for 
IV. CONCLUSIONS
In summary, we have described a deterministic storage of an input single-photon in cold atoms confined inside a single mode hollow-core photonic-crystal fiber by employing the maximal enhancement of the Raman conversion of input field into forward scattered Stokes light mode. We have shown that this setup does not constrain the probability of Stokes-photon generation, which can be made equal to unity by adjusting the system parameters, which are within reach of current technology. Our scheme does not require long-living quantum memories and, hence, can be used as a deterministic quantum repeater ensuring a fast communication rate.
